In a recent publication [1] , a cosmological scenario featuring a scalar field, ϕ, that is a source for Dark Matter and Dark Energy has been proposed. In this paper, a concrete realization of that scenario is presented. As in many models of scalar-field driven Dark Energy, the effective Lagrangian of the field ϕ contains a potential proportional to e −ϕ/f . This potential is modulated in such a way that, in the absence of other matter fields, it has a local minimum at a small value of ϕ. Fluctuations of ϕ around this minimum give rise to a gas of dark-matter particles. The field ϕ is coupled to another scalar field χ in such a way that the minimum in the effective potential of ϕ disappears when, after a continuous phase transition accompanied by spontaneous symmetry breaking, χ develops a non-vanishing expectation value. This triggers slow growth of a homogeneous component of ϕ accompanied by the emergence of Dark Energy, a phenomenon analogous to the "wetting transition" in statistical mechanics. Inside regions of the Universe where the pressure is small and the energy density is large enough to stall expansion, in particular around galaxies and galaxy clusters, the phase transition in the state of χ does not take place, and a gas of cold darkmatter particles persists. The evolution of ϕ at very early times may tune the rate of baryogenesis.
I. INTRODUCTION
In a recent paper [1] we have proposed a scenario incorporating a scalar field, ϕ, that yields a unified description of Dark Matter and Dark Energy. The idea underlying our proposal is that, at early times in the evolution of the Universe, ϕ is trapped in the vicinity of a homogenoeus configuration ϕ 0 , and oscillations of ϕ around ϕ 0 form a gas of dark-matter particles. It is envisaged in [1] that, at a late time t c , a phase transition takes place allowing a homogeneous component of ϕ to emerge that gives rise to dynamical Dark Energy. The transition time t c has to be tuned to be later than the time of onset of cosmological structure formation, but earlier than the present time. In regions of the Universe where the energy density is high but the pressure is tiny the expansion of space is stalled, the phase transition does not take place, and Dark Matter described by oscillations of ϕ continues to prevail. Thus, at late times close to the present time, a single scalar field, namely ϕ, is a source for Dark Matter inside overdense regions of the Universe, but a source for Dark Energy on cosmological scales.
The purpose of this paper is to describe a concrete realization of the scenario sketched in [1] , drawing some inspiration from the phenomenon of the "wetting transition" in statistical mechanics [2] . The field ϕ, which has a modulated effective potential decaying exponentially at large field values, as originally proposed in [3] , is * Electronic address: rhb@physics.mcgill.ca † Electronic address: juerg@phys.ethz.ch ‡ Electronic address: namba@physics.mcgill.ca coupled to a second scalar field, χ, with a quartic potential that can lead to a low-temperature phase transition accompanied by the spontaneous breaking of a continuous symmetry. We denote the transition temperature by T c . At temperatures above T c and/or small values of ϕ, the field χ is trapped near its symmetric configuration, χ = 0. At very early times, when the temperature, T , of the Universe is very high, the effective potential of ϕ does not have a local minimum, and the expectation value of ϕ increases. But as T decreases, yet T > T c , the effective potential of ϕ develops a local minimum at a small field value, ϕ 0 . Oscillations of ϕ around the configuration ϕ = ϕ 0 give rise to Dark Matter. When the temperature of the background cosmology drops below T c (at a time t c ) the quantum state of the Universe has the property that χ has a non-zero expectation value. 1 After this transition, the local minimum in the effective potential of ϕ disappears again, and a spatially homogeneous, slowly growing configuration of the field ϕ develops that gives rise to Dark Energy. The phase transition does, however, not take place inside "overdense" regions, i.e., in the vicinity of galaxies and galaxy clusters, and, in such regions, ϕ continues to oscillate around a small constant value, hence giving rise to Dark Matter. In conclusion, our scenario may provide a unified description of Dark Matter and Dark Energy.
The field ϕ might actually be of importance in yet 1 This signals the breaking of a continuous symmetry. Whether this process is accompanied by the emergence of a massless Goldstone mode in the particle spectrum, or not, depends on whether the broken symmetry is global or local, (in which case χ is coupled to a gauge field).
arXiv:1907.06353v1 [hep-th] 15 Jul 2019
another context: If one couples the gradient ∂ µ ϕ linearly to the baryon current, j µ B , (thus violating CP) then, at early times (before ϕ starts to oscillate around ϕ 0 ),φ has the function of a "chemical potential" tuning the matterantimatter asymmetry during baryogenesis [4] ; see also [5] .
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The model discussed in this paper has various advantages over other models of unified Dark Matter and Dark Energy; (see [9] for a review of early work on unified models): Since the square of the speed of sound, c 2 s , is negligibly small at early times (t < t c ), structure formation proceeds as in the standard ΛCDM model up to the time t c when the phase transition takes place, and since, after the transition, c 2 s = 1 in the bulk, no dangerous instabilities for fluctuations at late times arise, as they do in certain quartessence models [10] ; (see the discussion in [11] ).
Our model ought to be viewed as a toy model capturing some of the features one would have to require of a unified theory of Dark Matter and Dark Energy. In a future paper, we will present a more systematic survey of different such models.
We will use natural units in which the speed of light, Planck's constant and Boltzmann's constant are set to 1. The cosmological scale factor is denoted by a(t), the Hubble expansion rate by H(t), and the Planck mass by m pl . Temperature is denoted by T , and p and ρ stand for pressure and energy density, respectively.
II. THE MODEL
We consider an effective field theory featuring two (for concreteness canonically normalized) scalar fields, ϕ and χ, with a potential
where λ > 0 is a dimensionless coupling constant, η is related to the vacuum expectation value of χ, M is a positive constant with (mass) dimension 1, with M 2 ϕ 2 modulating the exponential potential of ϕ, µ is a constant of dimension 1 describing the coupling of χ to ϕ, and 0 is a (not necessarily positive) constant of dimension 4. (The term M 2 ϕ 2 might be generated by couplings of ϕ to other, very massive degrees of freedom not explicitly considered here.) The terms in the effective 2 The idea thatφ may represent a kind of "chemical potential"
conjugate to the baryon number is similar to the idea that the time derivative of a pseudo-scalar axion may act as a chemical potential tuning the difference of left-handed and right-handed light leptons, hence giving rise to the "chiral magnetic effect" [6] , and, thus, it may play a significant role in understanding the origin of primordial magnetic fields in the Universe [7] . Helical (hyper) magnetic fields may play and important role in baryogenesis; see [8] .
potential that depend explicitly on ϕ are proportional to exp[−ϕ/f ], a behavior used in many quintessence models of Dark Energy [3] . The constant f defines the field range above which the potential decays. There are tight constraints [12] on the couplings of a dark-energy field to Standard-Model degrees of freedom. In the following, we usually assume that ϕ is not coupled directly to any fields appearing in the Standard Model (see, however, Sect. V). It is natural to assume that ϕ has a geometrical origin. It may be related to the radius of an extra (spatial) dimension, as in Horava-Witten theory [13] , see also [14] , or in the Brane World scenario [15] :
where r is the (space-time dependent) radius of an extra dimension, and s is a fundamental length -for example the string length if we have in mind an effective field theory coming from string theory -and ϕ 0 is a normalization constant. In this context, it is natural to choose the scale f to be proportional to the four-dimensional Planck mass. We will argue below that if our model yields a realistic cosmological scenario then, at early times in the evolution of the Universe, the expectation value of χ would have to have vanished. The constants appearing in the effective potential V of Eq. (1) are chosen such that, as a function of ϕ, V has a local minimum as long as |χ| 2 is small enough. However, for large values of |χ| 2 , V does not have any local minimum in ϕ. Specifically, setting χ = 0 in (1), the potential has extrema at values of ϕ given by
The right side of (3) is real-valued, provided
We will choose 0 to cancel the potential energy coming from the ϕ-field at the local minimum of the potential, i.e.,
Now (3) becomes an equation for ϕ − , with solution ϕ − = 0, and the local maximum is ϕ + = 2f . However, after the phase transition, i.e., for
we want the local minimum in the ϕ-direction of the potential V to disappear. Given the constraint (5), the condition on the parameters for this to hold true is given by
where in the last step we have inserted the special value of 0 used. Figure 1 shows a plot of the potential V as a function of ϕ, for χ = 0 and for |χ| 2 = η 2 . The values of the parameters f, M, µ, λ and ε 0 used in Figure 1 When the field χ is in thermal equilibrium at a temperatures T T c , the χ-dependent terms in the potential V (ϕ, χ) given in Eq. (1) yield temperature-dependent corrections to the effective potential, the leading ones being given by
where the term in angular parentheses is the expectation value of |χ| 2 in an equilibrium state at temperature T . Dimensional analysis suggests that
and, as a consequence of red-shifting, a formula like this continues to hold after χ has decoupled from radiation.
Let T i be the temperature of radiation at a time when χ was in a state of thermal equilibrium with radiation and equipartition of energy held. If thermal equilibrium is established by a quartic χ self-interaction, and if the χ distribution is close to Gaussian, then we have that
for some dimensionless constant C = O(1) which is in principle determined by details of thermal processes but is left as a free parameter for our study. Hence, using that
we find that
The key point is that, at early times when the temperature is high (T > T c ), the correction term (8) to the effective potential keeps the field χ trapped near χ = 0; but at some critical temperature T c , determined by
where ϕ i is the value of ϕ at the time t c corresponding to T c (and, as we have argued, ϕ i ∼ ϕ − = 0), a symmetry-breaking phase transition occurs, and the expectation value of χ rolls towards η.
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In voids, the expectation value of χ 2 redshifts according to the law in Eq. (11) , and condition (13) becomes
However, in regions of the Universe where the energy density is comparatively large, which have decoupled from the Hubble flow, i.e., in the vicinity of galaxies and galaxy clusters, the expectation value of |χ| 2 ceases to decrease and does not redshift, any longer. We must demand that the phase transition happen after density perturbations on galaxy-and galaxy-cluster scales have gone non-linear. If this is the case then χ does not undergo a symmetrybreaking phase transition in these regions, and the oscillations of ϕ continue to describe Dark Matter. Note that, since λη 2 H 2 , the phase transition takes place rapidly.
Eq. (13) shows that a necessary condition for a phase transition to occur is
Since before the phase transition |ϕ| < f , this condition becomes
for some constant c of order 1. The temperature-dependent correction terms (8) in the effective potential of the fields ϕ and χ affect the conditions to be imposed for our scenario to work. The condition that, for χ = 0, a local minimum of the effective potential in the ϕ-direction exist at a temperature T becomes
We need this condition to be satisfied at temperatures substantially higher than T c , otherwise the local minimum in the potential for ϕ does not exist long enough, and oscillations of ϕ about this minimum (oscillations that form the Dark Matter) are not established. We will denote the temperature where the minimum of the potential appears by T m with T m T c . Since the second term on the right hand side of (17) is larger than the absolute value of the first term, (17) becomes
As discussed before, the condition that the local minimum of the effective potential in the ϕ-direction disappear after the phase transition, i.e., for |χ| ≈ η, implies that the extra term appearing in the expression for the prefactor of the exponential, exp(−ϕ/f ), in the effective potential must be larger than f 2 . This yields the constraint that
The lower bound (18) and the upper bound (19) are consistent provided that
and f 2 M 2 /µ 2 lies between the two bounds. In order to satisfy the condition that the phase transition in the state of the field χ take place at very low temperature T c we will assume that the two terms in (14) are both large in magnitude but cancel up to the small contribution C √ λT 2 c . This means that we enforce the condition
III. THE COSMOLOGICAL SCENARIO
In this section we sketch a cosmological scenario of which we expect that it can be derived from our model. We assume that the state of the very early Universe has the properties that the symmetry of the χ-sub-theory is unbroken, and the field ϕ is homogeneous with a large negative value. Then χ oscillates around χ = 0, while ϕ slides down the potential hill towards the minimum of its effective potential at ϕ ∼ ϕ − = 0. We suppose that, after inflation, the field ϕ does not dominate the energy density of the Universe, rather that radiation dominates and determines the time evolution of the Hubble expansion rate H. (We will check the conditions on the parameters in our Lagrangian required to justify this assumption.)
Next, we argue that the model considered in this paper may yield a unified description of Dark Matter and Dark Energy related to the evolution of the field ϕ. Our choice of an effective potential for the fields ϕ and χ displayed in Eq. (1) shows that, as long as the field χ is trapped near χ = 0, its contribution to the effective potential of ϕ is small, and, as long as condition (17) is satisfied, the potential has a minimum at ϕ = ϕ − ≈ 0; see (3) . Once the field ϕ approaches this minimum, it starts to oscillate around it. These oscillations act as Dark Matter. 4 The square of the mass of the dark-matter particles is given by twice the coefficient of the quadratic term in a Taylor expansion of the effective potential of ϕ at its minimum, ϕ − . Since, before its symmetry-breaking phase transition and at moderate temperatures of the Universe, the field χ can be set to zero in the calculation of the effective potential of ϕ, the square of the mass of dark-matter particles is thus given by
In the second line we have used Eqs. (3) -(5) and the fact that ϕ − = 0 = 0. Thus, the effective mass of darkmatter particles is given by
When ϕ slides down its potential hill, approaching the minimum of its effective potential, the Universe continues to expand and cool, eventually approaching the transition between its radiation-dominated early phase and a phase dominated by Dark Matter (at a time denoted by t eq ). The field χ keeps oscillating around χ = 0 until, at a later time t c when the background temperature T equals the temperature T c of the χ-phase transition, it starts to develop a non-vanishing expectation value. This transition is accompanied by the disappearance of the minimum in the effective potential of the field ϕ, a phenomenon analogous to the "wetting transition" in statistical mechanics [2] . A homogeneous component of ϕ then develops that grows slowly (logarithmically) towards ϕ = ∞. In this late phase, the field ϕ describes Dark Energy. 5 A necessary condition for the phase transition in the state of the field χ to occur is (18) , and demanding that this phase transition take place when |ϕ| = 0 then yields the condition (16) for the value of η.
The phase transition in the state of the field χ does, however, not take place in regions of the Universe that have decoupled from the Hubble flow, where the effective temperature remains higher than T c . (In a self-consistent analysis, this effect is seen to be due to the higher temperature of the degrees of freedom described by χ in "overdense" regions, on one hand, and to the term µ 2 |χ| 2 e −ϕ/f in the effective potential V (ϕ, χ), see (1), on the other hand, which helps confining the field χ to a vicinity of χ = 0, as long as ϕ remains small enough, which is expected to be the case in "overdense" regions.) Hence, if we choose parameters in our model such that the time t c of the phase transition in the state of χ is later than the time when proto-galaxies and proto-clusters decouple from the Hubble flow then the effective potential of ϕ in such "overdense" regions still has a minimum, and oscillations of ϕ around this minimum continue to act as Dark Matter.
IV. PARAMETER VALUES
In this section we discuss constraints on the values of the parameters appearing in the Lagrangian of our model derived from the requirement that the model yield a realistic cosmology. The Lagrangian contains the following parameters: the field range f , the energy scale η, the self-coupling constant λ, the parameter 0 , and the mass scales µ and M . We attempt to identify a region of values of these parameters that make our model compatible with observational data.
In order for ϕ to give rise to Dark Energy today, ϕ must grow slowly at the present time. This implies that
see [17] . To avoid introducing a new mass hierarchy we assume that f = m pl , in the following. In Sect. II, we have found several additional conditions. The first one is that the effective potential of ϕ have a minimum at times corresponding to a range of temperatures above the transition temperature T c . This leads to (18) . The second condition is that the minimum disappear after the phase transition, when |χ| ∝ η. This leads to the constraint in (19) . These two conditions are self-consistent provided that (20) is obeyed. To obtain the phase transition at a sufficiently low temperature T c , the condition (21) needs to be imposed.
Another important requirement on the parameters of the model is that, at the end of the dark-matter phase, the energy density corresponding to the minimum of the effective potential does not dominate the energy density. Focusing on the energy density in the χ-field yields the constraint
where g * is the number of radiative helicity degrees of freedom, and the last factor on the right side comes from the fact that, for t < t eq (with t eq the time of equal matter and radiation), the total energy density is larger than the energy density of radiation by that factor.
The χ-phase transition can only occur if the resulting increase in the potential energy of ϕ does not exceed the energy released by χ. An equivalent way of phrasing this condition is that, at the beginning of the dark-energy phase, the potential energy of ϕ cannot exceed the energy of matter. Using the value ϕ ≈ f for the field ϕ right after the transition the condition becomes
which is satisfied if 0 = 0 is chosen as in Section II and (19), (21) and (25) are used. From now on, we choose T c = 10 −1 eV. Then, (25) will fix the value of η, once the coupling constant λ is chosen. We have that
The value of µ is then determined by (21), which yields
The conditions for the existence and disappearance of the local minimum of the effective potential (discussed in Section II -see (20) ) yield an upper bound on the constant C C < (g * )
In order for ϕ to yield a successful candidate for Dark Matter, the temperature T m needs to be higher than T eq . This condition means that the χ field must start out with less energy than would be the case in perfect thermal equilibrium of all fields. The value, M , of the mass of dark-matter particles must then be chosen sufficiently small such that condition (19) is satisfied. This yields a lower bound
This value is too low to satisfy the best observational constraints on the mass of an ultralight dark matter particle [18] . However, this problem may be solvable by a slight modification of our model. Without more detailed understanding of the intial conditions of the cosmological evolution, we are not able to quantitatively determine the contribution of the fluctuations of ϕ to the energy density of Dark Matter. However, we argue that it is quite reasonable to expect that the fluctuations of ϕ at times before the phase transition dominate the energy density of Dark Matter. If the mass of dark-matter particles is chosen as in (23), the amplitude, A, of ϕ-oscillations sufficient to obtain the right dark-matter energy density at the time t eq of equal matter and radiation (corresponding to a temperature T eq ≈ 10 eV) is estimated to be
Potentially, fluctuations of the χ-field could also contribute to Dark Matter at early times. However, as long as, at the initial time, the contribution of such fluctuations to the energy density is smaller than the contribution of visible matter to the energy density, it will never dominate at later times.
V. REMARKS ON BARYOGENESIS
We first address the problem of baryogenesis; see [4, 8] . We assume that ϕ is coupled to the baryon current, j µ B , via an interaction term in the Lagrangian of the form
where α is a dimensionless coupling constant. 6 Upon integrating by parts in the action functional and using the chiral anomaly to rewrite the divergence of the baryon current we find that this term is equivalent to [19] 
(we only include the contribution from U (1) Y in eq. (33) for illustrative purposes). Here g is a gauge coupling constant, and F Y is the hypermagnetic field strength. As discussed in [4] under the term "spontaneous baryogenesis", the term δL introduced in (32) can give rise to a non-vanishing baryon number density. 7 Assuming that ϕ at which sphalerons freeze out, we obtain a value for the baryon-to-entropy ratio that is small (unless the coupling constant α is large). Our estimate of the net baryon number is based on the assumption that the initial value of ϕ is negative throughout the region of space that will become the visible Universe. Once the degrees of freedom involved in baryon-number violating processes are no longer in equilibrium, which happens after the time, t EW , of electroweak symmetry breaking, a change in the chemical potential, µ B , conjugate to the baryon number does not affect the baryon asymmetry that has arisen earlier. Given the parameters of our model, tuned in such a way that ϕ describes Dark Energy at late times, it is natural to assume that the growth of ϕ towards the value corresponding to the minimum of its effective potential continues until after the time of electroweak symmetry breaking. Thus the rate of chnage,φ, of the field ϕ can be expected to be strictly positive at time t EW . The baryonto-entropy ratio is then determined by the value ofφ at a time approximately given by t EW . This is what we have been using in our calculations. We repeat that the relaxation of the baryon number density stops once the fermions have become massive [4] .
VI. CONCLUSIONS AND DISCUSSION
In this paper we have presented an explicit realization of a cosmological scenario, originally proposed in [1] , in which a single scalar field ϕ is a source of Dark Matter and of Dark Energy. The cosmological evolution predicted by the model studied in this paper involves a phase transition at a late time t c corresponding to a critical temperature T c , which is driven by a second scalar field χ. At temperatures T > T c , (but T well below the temperature of the electro-weak transition), the effective potential traps ϕ near a minimum, and oscillations about this minimum yield a gas of cold dark-matter particles. After the χ-phase transition, the local minimum in the effective potential of ϕ disappears, allowing a homogeneous component of ϕ to slowly roll and hence to become a natural candidate for Dark Energy. If the transition temperature T c is below the temperature where structures on galaxy-cluster scales freeze out from the expansion of the cosmological background, the χ-phase transition will not take place inside non-linear structures, and a gas of dark-matter particles continues to prevail in these regions.
The change in the role played by the field ϕ -from being a source of Dark Matter to being a source of Dark Energy -corresponds to the disappearance of a minimum in the effective potential of ϕ at late times and is driven by coupling ϕ to a second scalar field χ, which undergoes a symmetry-breaking phase transition at the temperature T c . We have also argued that, when the gradient ∂ µ ϕ is coupled to the baryon current, the dynamics of the field ϕ during an early stage in the evolution of the Universe may yield a mechanism responsible for spontaneous baryogenesis.
We have not addressed the connection between our model and fundamental physics. It is clear that the Lagrangian (1) must be viewed as an effective Lagrangian to be derived from a more fundamental theory. Insights in this direction will be described in a future paper.
The model studied in this paper does not solve the cosmological constant problem, nor does it shed light on the Dark Energy coincidence problem. The latter is reflected in some of the conditions (see e.g. (25)) we have to impose on the parameters of our model. However, since the model involves dumping Dark Matter into Dark Energy at a late time corresponding to the temperature T c , it may alleviate the "Hubble tension" which the standard ΛCDM model suffers from.
